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DNA methylation is a well-characterized epigenetic landmark involved in transcriptional regula-
tion; however, mechanisms underlying its regulation remain poorly characterized. Recent studies
demonstrate that activation-induced cytidine deaminase (AID) is involved in active DNA demethyl-
ation. AID is aberrantly expressed in inﬂammation-associated cancers and generates point muta-
tions; however, cellular disorders attributed to its demethylation function are largely unexplored.
Here we demonstrate that ectopic AID expression perturbs tumor-related gene expression. AID
(with Gadd45) activated a methylated paired box gene 5 (Pax5) reporter construct, and induced
expression and association of endogenous Pax5 with the AID promoter, suggesting that aberrant
AID expression triggers an auto-activation circuit to consolidate self-expression.
Structured summary of protein interactions:
AIDphysically interacts with GADD45 alpha by anti tag coimmunoprecipitation (View Interaction: 1, 2, 3)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction and for class-switch recombination [3–5]. AID directly catalysesChronic inﬂammation is known to be an important risk factor in
cancer, thoughunderlyingmolecularmechanisms are poorly under-
stood. Chronic production of various proinﬂammatory cytokines is
believed to contribute to tumorigenesis and its development [1]. Re-
cent studies demonstrate that tumor necrosis factor a (TNFa) trig-
gers aberrant expression of activation-induced cytidine deaminase
(AID, encoded by the Aicda gene) via nuclear factor-jB (NF-jB) in
various inﬂammation-associated cancers including Helicobacter py-
lori-associated gastric cancer and colitis-associated colon cancers
[2]. AID is speciﬁcally expressed in germinal centre B lymphocytes,
and was originally identiﬁed as an indispensable molecule for
somatic hypermutation in the immunoglobulin variable regionthe deamination of deoxycytosine to deoxyuracil in DNA and trig-
gers these events. The resulting dU/dG lesion can be recognized by
several different DNA repair pathways to create the aforementioned
antibody diversiﬁcations [5]. As anticipated from its mutagenic
activity, inappropriately expressed AID acts as a DNA mutator con-
tributing to tumorigenesis. Mice constitutively expressing AID de-
velop tumors in several organs and point mutations in several
tumor-related genes are found in such tumors [6,7]. Furthermore,
ectopic AID expression is found in human cancers, and mutations
in exons of tumor-related genes including TP53 are concurrently ob-
served in such cases [2]. In addition to inducing point mutations,
studies in Danio rerio indicate an involvement of AID in DNA
demethylation in the early embryo, and a more recent study has
implicated AID in establishing the hypomethylated state of
mammalian primordial germ cells (PGCs) [8–10]. In spite of these
observations, there are few studies regarding cellular disorders
related to AID function in demethylation.
DNA methylation is one of the best-characterized epigenetic
landmark in multicellular organisms, and plays important roles in
transposable element silencing, genomic imprinting, tissue-speciﬁc
gene expression and mammalian development [11]. Because DNA
methylation provides crucial heritable, long-term gene silencing,
aberrant DNA methylation has been associated with diseases
2488 T. Isobe et al. / FEBS Letters 587 (2013) 2487–2492including cancer. Both global hypomethylation and site-speciﬁc
hypermethylation in genomic DNA are observed in cancer, and it is
believed that these abnormal DNA modiﬁcations disturb normal
gene expression and affect genomic stability, though the mecha-
nisms which inﬂuence these modiﬁcations are yet to be deﬁned
[11–13]. Mechanisms underlying DNA demethylation fall into two
major classiﬁcations: DNA replication-dependent (passive) and
independent (active) demethylation. Passive demethylation is
achieved by the inhibition of maintenance DNA methyltransferase
activity, causing a loss of inheritance in themethylationpatterndur-
ing DNA replication. In contrast, themechanism of active demethyl-
ation was elusive until recently. AID is believed to accomplish
demethylation in cooperation with the excision repair system of
DNA in a DNA replication-independent manner [10,11]. These in-
sights prompted us to hypothesize that ectopic expression of AID
leads to cellular disorders including transcriptional deregulation
through DNA demethylation.
Here we show that ectopic expression of AID disturbs normal
gene expression. Forced expression of AID speciﬁcally activates
methylated reporters, and this also affects expression of theAID gene.
2. Materials and methods
Materials and methods are given in the Supplementary data.MAGE1
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3.1. Ectopic expression of AID perturbs normal gene expression
It was previously reported that hypomethylation leading to
gene activation is important in cancer. Examples include promoter
CpG demethylation in the overexpression of Harvey rat sarcoma
viral oncogene homolog (H-Ras), melanoma antigen-1 (MAGE-1),
cancer/testis antigen-1 (CAGE-1) and calcium binding protein
S100A4 [12]. We assessed the effect of ectopically expressed AID
on expression of the above genes. AID was expressed with a retro-
virus vector in WI-38, a normal diploid human ﬁbroblast cells, and
mRNA expression evaluated by reverse transcription-polymerase
chain reaction (RT-PCR). Expression of AID, MAGE-1 and CAGE-1
mRNAs was undetectable in parental and empty virus-infected
cells (Fig. 1A and data not shown). In contrast, MAGE-1 and
CAGE-1 mRNAs were detectable in the cells infected with AID-
expressing virus (Fig. 1A). We also conﬁrmed comparable b-actin
mRNA levels by real-time PCR (Supplementary Fig. S1A), indicating
that ectopic expression of AID perturbs the normal regulation of
MAGE-1 and CAGE-1 expression. We also observed S100A4 and
H-Ras mRNA expression in parental and empty virus-infected cells,
and AID expression had no apparent effect on this (Fig. 1A). We
conﬁrmed the above results by quantitative RT-PCR (qRT-PCR) inR
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Fig. 2. Hypomethylation of genomic DNA induces AID and Pax5 expression. (A)
Expression of AID, Pax5 and E2A in 5-aza-dC treated human cells. WI-38 and HeLa
cells were cultured in the presence or absence of 10 lM 5-aza-dC for 4 or 3 days,
respectively. The expression of genes shown on the left was determined by RT-PCR.
(B) Map of the CpG island of human Pax5. CpG positions are shown as vertical bars;
exon 1 is shown as a ﬁlled box; the regions analyzed in (C) are shown as horizontal
thick lines; restriction sites for COBRA analysis (HinfI and HhaI on Regions 1 and 2,
respectively) are shown as open arrows. (C) Analysis of Pax5 methylation in cells
treated with 5-aza-dC. Methylation of Pax5 50 CpG sites of HeLa cells in (A) was
examined by COBRA. The regions analyzed are shown on the left. Nuclease () lanes
(lanes 1 and 2) are presented as size-indicators for unmethylated DNA. Images in
(A) and (C) are representative of three independent experiments.
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observations suggest that AID can alter transcription, leading to
gene activation.
Next, we examined the effect of AID on methylated promoters.
A reporter plasmid which encodes the luciferase gene driven by
simian vacuolating virus 40 (SV40) minimal promoter was methyl-
ated (or left untreated) in vitro, and the resulting methylated (or
unmethylated) construct (Supplementary Fig. S2) was co-transfec-
ted into HEK293 cells together with control or AID expression vec-
tor. Methylation of the reporter plasmids resulted in a pronounced
decline of reporter activity (Fig. 1B). As shown in Fig. 1C, we ob-
served that forced expression of AID induced reporter activity on
the methylated construct, with little effect on the unmethylated
reporter (Fig. 1D). Similar results were observed for luciferase gene
expression driven by the herpes simplex virus-thymidine kinase
(HSV-TK) promoter (Fig. 1C and D). The empty reporter plasmid
(pGL3 Basic) contains no known mammalian replication origins.
Thus it is expected that the derivatives of this plasmid do not rep-
licate in HEK293 cells. We examined replication of the reporter
plasmid in mammalian cells by a method based on loss of adenine
methylation and thus acquisition of DpnI resistance. Plasmid DNA
isolated from a dam + Escherichia coli strain including DH5a is
methylated at the N6 position of the adenine in the sequence GATC
and therefore susceptible to DpnI endonuclease, which speciﬁcally
targets adenine-methylated GATC sequences (Supplementary
Fig. S3A; [14]). Eukaryotic DNA is not methylated at this position
during replication because of the absence of dam methylase, and
it is therefore resistant to DpnI digestion [14]. As shown in Supple-
mentary Fig. S3B, no signiﬁcant increase of DpnI-resistant reporter
was observed during the 24–72 h after transfection, even when it
was co-transfected with the AID expression plasmid. Although
the SV40 replication origin is contained in the SV-40 minimal pro-
moter on the pGL3 SV-40 plasmid, HEK293 cells do not express the
SV40 T-antigen and therefore the plasmid does not replicate. These
points imply that the observed effect of AID on methylated report-
ers does not depend on DNA replication.
3.2. Methylation of genomic DNA contributes to regulation of AID gene
expression
AID expression is normally restricted to a handful of tissues
including activated B-cells and ovary [3–5,15,16], while previous
studies suggest that DNA methylation contributes to tissue-spe-
ciﬁc gene expression [17,18]. Thus, it is likely that the restricted
expression of AID is regulated by DNA methylation. Previously,
Fujimura et al. demonstrated that the methylation status of the re-
gion proximal to the transcription start site (TSS) of the mouse AID
gene is altered during differentiation of B-cells, and that AID
expression is inversely correlated with methylation level of this re-
gion [19]. Thus we ﬁrst evaluated the effect of artiﬁcially induced
hypomethylation on AID expression in mouse cells.
To introduce hypomethylation of the genomic DNA, NIH-3T3
mouse ﬁbroblast cells were cultured in the presence of 5-aza-20-
deoxycytidine (5-aza-dC), an inhibitor of maintenance DNA meth-
yltransferase, and the expression level of AID was evaluated by
qRT-PCR. As expected, we observed the facilitation of AID expres-
sion in 5-aza-dC treated cells (Supplementary Fig. S4A), which
was accompanied by loss of CpG methylation in the promoter
(Supplementary Fig. S4B). Similar observations were made both
in human WI-38 ﬁbroblast cells and in human cervical HeLa cells
(Fig 2A and Supplementary Fig. S4). These results suggest that
DNA methylation is involved in regulation of AID expression in
both mouse and human cells.
Though a typical CpG island is absent from the 50-ﬂanking re-
gion of the AID gene, the fact that AID expression is still regulated
by methylation on its promoter is not unusual. Several genes withonly a few CpG dinucleotides in their promoters have been shown
to be regulated by the methylation of these elements [20,21]. How-
ever, we also observed that CpG in the vicinity of TSS of AID are
poorly conserved across human and mouse, with CpG being com-
pletely absent from the region 1 kb upstream of the human AID
gene TSS (Supplementary Fig. S4C). Poor conservation of CpG dinu-
cleotides across species prompted us to assume that additional
mechanisms may be involved in the induction of AID expression,
as well as hypomethylation of the AID promoter itself. Since
hypomethylation elicited by 5-aza-dC extends to the whole gen-
ome, it is likely that the expression of speciﬁc transcriptional acti-
vators of AID is ectopically evoked by DNA hypomethylation. This
hypothesis led us to focus on paired box gene 5 (Pax5) and E2A,
which are essential transcriptional factors for B-cell development
and are known to be involved in regulation of tissue-speciﬁc AID
expression [22,23]. In particular, Pax5 contains a typical CpG is-
land, and aberrant promoter methylation and expression has been
reported in human cancer (Fig. 2B; [24,25]).
Predictably, we found that Pax5 mRNA expression is induced
by 5-aza-dC treatment in both WI-38 and HeLa cells (Fig. 2A and
Supplementary Fig. S5). In contrast, E2A mRNA was abundant in
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Fig. 3. AID and Gadd45 act coordinately on methylated Pax5 promoter. (A) Effect of AID and Gadd45 expression on methylated Pax5 reporter construct. Pax5-luciferase
reporter plasmid was prepared from dam/dcm bacteria strain and methylated by treatment with M.SssI. The reporter construct was transiently transfected into HEK293
cells together with control, AID expression and/or Gadd45a expression plasmid as indicated on the bottom. After 72 h, cells were harvested and luciferase activity measured
as described in the Supplementary methods section. Luciferase activity is expressed relative to the corresponding values for cells co-transfected with control expression
plasmid only. Mean and SD were calculated from three independent experiments. (B) Effect of AID and Gadd45 expression on unmethylated Pax5 reporter construct. A
luciferase reporter assay similar to (A) was performed using reporter constructs without M.SssI treatment. (C) Association of exogenous AID and Gadd45. HEK293 cells were
co-transfected with plasmids indicated on the top. After 48 h, cells were harvested and cell lysates were subjected to immunoprecipitation as indicated on the left, and
proteins indicated on the right were detected by immunoblotting. (D) Ectopically expressed AID is associated with endogenous Gadd45. HeLa cells were infected with empty
or AID-expressing retrovirus and selected with puromycin. FLAG-tagged AID was immunoprecipitated with anti-FLAG antibody, and endogenous Gadd45 and AID-3xFLAG
were detected by immunoblotting using anti-Gadd45 and anti-FLAG antibodies, respectively.
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treated with 5-aza-dC (Fig. 2A) even when analyzed by qRT-
PCR (Supplementary Fig. S5). Hypomethylation of the Pax5 50
ﬂanking region in 5-aza-dC treated cells was conﬁrmed by com-
bined bisulﬁte restriction analysis (COBRA) [26] as shown in
Fig. 2B and C.
These results suggest that global hypomethylation in human
cells induces AID expression, as well as inducing Pax5 expression.
3.3. AID and growth arrest and DNA damage inducible protein 45
(Gadd45) act coordinately via the methylated Pax5 promoter
Our insights encouraged us to examine whether ectopic expres-
sion of AID activates the methylated Pax5 promoter. A reporter
construct in which the Pax5 50 ﬂanking region was conjugated up-
stream of the luciferase gene (Pax5-luciferase) was methylated
in vitro, puriﬁed, and co-transfected into HEK293 cells together
with control or AID expression plasmid. We found that the forced
expression of AID enhanced the reporter activity of the methylated
Pax5-luciferase construct (Fig 3A, lanes 1 and 2); in contrast, repor-
ter activity of the unmethylated construct was largely unaffected
(Fig. 3B, lanes 1 and 2). Because the Gadd45 stress signaling mod-
ulator has been described as a participant in AID-mediated DNA
demethylation [8,9], we further examined the reporter activity in
cells co-expressing exogenous AID and Gadd45a. Methylated
Pax5-luciferase construct was co-transfected with the control, with
AID expression plasmid, or with Gadd45a with or without a sub-
optimal dose of AID expression plasmid, as indicated in Fig. 3A
(lanes 3–6). We observed that the co-expression of AID and Gad-d45a efﬁciently augments methylated Pax5-luciferase reporter
activity (lane 6) compared with the expression of either gene alone
(lanes 4 and 5). The reporter plasmid was not replicated in HEK293
cells even when it was co-transfected with AID and Gadd45a
expression plasmids (Supplementary Fig. S3B). We also validated
that co-expression of AID and Gadd45a had an insigniﬁcant effect
on the reporter activity of the unmethylated Pax5-luciferase con-
struct (Fig. 3B, lanes 3–6).
Next, we veriﬁed the interaction between exogenous AID and
Gadd45a in HEK293 cells by co-immunoprecipitation analysis. As
shown in Fig. 3C, HA-tagged Gadd45a (Gadd45a-2xHA) co-precip-
itated with immunoprecipitated FLAG-tagged AID (AID-3xFLAG),
and AID-3xFLAG also co-precipitated with immunoprecipitated
Gadd45a-HA. We found no evidence for non-speciﬁc binding to
either agarose beads or to the constant regions of mouse immuno-
globulin in this experiment (Supplementary Fig. S6). The interac-
tion between AID and Gadd45a was observed after treatment
with either DNase or RNase (Supplementary Fig. S7). RNase treat-
ment slightly attenuated the interaction, suggesting that a particu-
lar species of RNA may enhance the interaction between AID and
Gadd45a. Furthermore, we examined potential interactions be-
tween ectopically expressed AID and endogenous Gadd45 in HeLa
cells. When cell lysates were subjected to immunoprecipitation
with the anti-FLAG antibody, endogenous Gadd45 was co-precipi-
tated in an AID-3xFLAG-dependent manner (Fig. 3D).
Taken together, these observations suggest that ectopically ex-
pressed AID associates with Gadd45 in human cells, and that AID
can speciﬁcally act via the methylated Pax5 promoter, but not
the unmethylated promoter, in cooperation with Gadd45.
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cooperation with Gadd45
We further investigated whether the ectopic expression of AID
and Gadd45a augments endogenous Pax5 and AID expression. As
shown in Fig. 4A and B, endogenous Pax5 expression was induced
in cells doubly infected with AID and Gadd45a expressing retrovi-
ruses (AID/Gadd45a cells, Fig. 4B, lane 2). The mRNA levels of b-actin
were comparable even when analyzed by real-time PCR (Supple-
mentary Fig. S8A). AID/Gadd45a cells expressed exogenous AID
and Gadd45a at levels comparable to those observed in cells singly
infected with each expressing virus (Supplementary Fig. S8B). In
addition, methylation of the Pax5 50 ﬂanking region in AID/Gadd45a
cells (Fig. 4C, lane 5) was attenuated in comparison with that in cells
doubly infectedwithempty retrovirus (lane6). Theseobservations sug-
gest that ectopically expressed AID induces hypomethylation of the
Pax5 promoter and augments the expression of Pax5 and AID in coop-
eration with Gadd45.
We also evaluated the association of endogenous Pax5 at the
AID promoter in AID/Gadd45a cells. Chromatin immunoprecipita-tion (ChIP) analysis using anti-Pax5 antibody showed that Pax5
was associated with the AID promoter in AID/Gadd45a cells
(Fig. 4C, left panel). We further conﬁrmed the association of
Pax5 at the AID promoter by ChIP-qPCR analysis (Supplementary
Fig. S9). This ﬁnding suggests that the Pax5 induced by AID and
Gadd45a contributes to the enhancement of AID transcription.
Association of exogenous AID to the Pax5 promoter was also con-
ﬁrmed by ChIP using an anti-FLAG antibody (Fig. 4C, right panel),
suggesting that ectopically expressed AID directly inﬂuences the
Pax5 promoter. It was reported that Gadd45 could enhance AID
location [8]. The association of AID with the Pax promoter was
also observed in cells infected with AID alone (Fig. 4C, right panel,
lane 3). This observation suggests that Gadd45 is required for cel-
lular processes occurring after the association of AID with the
promoter.
We showed that ectopic expression of AID disturbs normal gene
expression and this disturbance affects regulation of the AID gene
itself. Speciﬁcally, it is thought that ‘‘accidental ﬁring’’ due to leaky
expression can auto-activate AID and thus ensure robust AID
expression.
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phocytes, ovary, pluripotent cells and PGCs, i.e., with the excep-
tion of these cell types, normal somatic cells do not express
AID. In fact, AID-deﬁcient mice are viable and signiﬁcant pheno-
typic abnormalities are reported only in B cells and PGCs [3–
5,9]. In addition, DNA methylation changes can be replicated
through mitosis and persist even in the absence of the condition
that establish them [11]. These observations suggest that knock-
down of AID in somatic cells is not a valid experimental approach
for this study.
Though CpG dinucleotides are absent in the 1 kb region up-
stream of the human AID gene, it was reported that cis-acting ele-
ments for AID transcription also lie also within intron 1 and the 50-
distal region [27,28]. In addition, the chromatin structure of exons
during transcriptional elongation should be considered. Thus, we
cannot completely rule out a direct action of AID on the AID pro-
moter. However, our ﬁnding suggests that deregulated Pax5 partic-
ipates at least partially in the reinforcement of AID expression.
Tran et al. demonstrated that the NF-jB response element on
the proximal 5’-ﬂanking region (shown in Supplementary
Figs. S4C and S10A) is not involved in AID expression in B-cells
even when NF-jB was activated by CD40L [28]. In contrast, Pauklin
et al. demonstrated that the NF-jB response element in this region
is involved in AID expression following NF-jB activation in a non-B
lymphocyte cell line [17]. These seemingly contradictory observa-
tions suggest that the signiﬁcance of the proximal 50 region varies
in different cell types. It has also been demonstrated that Pax5
binds to both the 50 proximal region and to the ﬁrst intron of the
AID gene in B-cells [22]. We conﬁrmed that ectopic expression of
Pax5 activated a reporter gene in which the AID proximal 50-ﬂank-
ing region was conjugated to luciferase in HEK293 cells (Supple-
mentary Fig. S10). This result suggests that the Pax5 binding site
on the 50 proximal region is reactive to Pax5 expression in these
cells, while that on intron1 may also be reactive.
It has been reported that the inﬂammatory response can trigger
aberrant AID expression through the TNFa–NFjB pathway and
may be involved in carcinogenesis [2]. In contrast to this, Gadd45
is known to be induced by genotoxic stress and various cytokines
including TGFb and IL-6, and several studies have suggested con-
tradictory roles of Gadd45 in tumor cell growth and survival
[29]. Further investigation of Gadd45 expression and its interaction
with AID under chronic inﬂammatory conditions will be necessary
to understand their coordinated action in inﬂammation-associated
carcinogenesis.
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